The protein folding kinetics of hen egg white lysozyme (HEWL) was studied using experimental and bioinformatics tools. The structure of the transition state in the unfolding pathway of lysozyme was determined with stopped-flow kinetics using intact HEWL and its chemically modified derivative, in which six lysine residues have been modified. The overall consistency of ϕ-value (ϕ ≈1) indicates that lysine side chains interactions are subject to breaking in the structure of the transition state. Following experimental evidences, multiple sequence alignment of lysozyme family in vertebrates and exact structural examination of lysozyme, showed that the α-helix in the structure of lysozyme has critical role in the unfolding kinetics.
Introduction
Both experimental (Fersht 1997) and theoretical (Pans et al. 1998 ) studies suggest that protein folding occurs via the formation of a small region of native-like secondary structure that serves as a nucleus upon which further residues condense in a process analogous to a phase transition. It has been predicted on theoretical bases (Bryngelson et al. 1995; Shrivastava et al. 1995; Shakhnovich et al. 1996; Demirel et al. 1998; Mirny et al. 1998; Poupon et al. 1999; Mirny & Shakhnovich 1999 ) that protein folding kinetics are under evolutionary control and that natural selection conserves important residues in protein, critical to rapid formation of primary nucleus in protein folding kinetics. Some experimental studies confirm the presence of this conservation (Mirny & Shakhnovich 2001a,b; Plaxco et al. 2001) .
Hen egg white lysozyme (HEWL) is a small protein consisting of 129 amino acid residues. It is the first enzyme which has had its structure resolved by X-ray crystallography (Blake et al. 1967) . In addition to HEWL, there are other distinct types of lysozyme which have been characterized in birds, phages, bacteria, fungi, invertebrates and plants (Jolles & Jolles 1984) . These distinct types of lysozyme differ on the basis of structural, physico-chemical and immunological criteria; only the specificity of these enzymes is the same: they cleaved a β-galactosidic bond between the C-1 of N-acetylmuramic acid and the C-4 of Nacetylglucosamine of peptidoglycan. It is an α + β protein which is characterized by four α-helices, three strands of antiparallel β-pleated sheet, five type I turns, one type I' turn, five type II turns, one type II' turn and three type III turns (Rypniech et al. 1993) .
HEWL has been extensively studied as a model system for protein folding (Tanford et al. 1973; Kato et al. 1982; Kuwajima et al. 1985; Caffotte et al. 1992; Radford et al. 1992; Denton et al. 1994; Itzhaki et al. 1994; Kiefhaber 1995; Kiefhaber & Wildegger 1997; Chen et al. 1998; Segel et al. 1999) . It has been found that during refolding, 10% of protein molecule fold very slowly in the minutes time-scale due to cis/trans isomerization of at least one of the two trans Xaa-Pro peptide bonds (Kato et al. 1982) , the rest of the protein reaches the native state within two seconds; in this case rapid signal changes (<1 ms) have been observed in the dead-time of the stopped-flow CD and tryptophan fluorescence measurements (Kuwajima et al. 1985; Caffotte et al. 1992; Denton et al. 1994; Itzhaki et al. 1994) . Following the burst reaction, kinetic partitioning occurs which allows 20% of the folding molecules to reach the native state directly on a fast folding pathway, whereas folding of 80% of lysozyme molecules involve formation 259 of a transient intermediate (Kiefhaber 1995; Kiefhaber & Wildegger 1997) . This intermediate exhibits highlyquenched tryptophan fluorescence (Denton et al. 1994; Itzhaki et al. 1994) and has an apparently increased helical content compared to the native state as confirmed by far UV-CD measurements (Kuwajima et al. 1985; Caffotte et al. 1992; Radford et al. 1992) . H/ 2 H exchange experiments has revealed that the intermediate formed in the early stage of lysozyme refolding is a well-defined secondary-like structure in the α-domain, whereas the β-domain appeared to be largely unstructured (Radford et al. 1992) . The presence of these secondary native-like intermediate in the folding pathway of lysozyme was confirmed with time-resolved smallangle X-ray scattering (Chen et al. 1998; Segel et al. 1999) .
Characterization of the transition state of folding or unfolding pathway of proteins is essential for understanding the mechanism of protein folding. Transition state can be studied only from the rate constant of the reactions and any techniques to investigate the protein structure, such as X-ray crystallography, NMR and CD are not applicable to structural characterization of the transition state (Ikeguchi et al. 1998) . Protein engineering parallel with biophysical methods are appropriate means in studying transition state and intermediates in folding pathways of proteins (Matouschek et al. 1989 Fersht et al. 1992; Serrano et al. 1992a,b,c; Fersht 1993; Sanz & Fersht 1994; Dalby et al. 1998; Tang et al. 1999; Khan et al. 2003) .
In the present study, experimental and bioinformatics tools were used to elucidate the relationship between evolutionary conservation of some lysine residues in lysozymes and their projected role in the kinetics of protein unfolding. For this purpose, ϕ-value analysis was carried out on intact HEWL and its chemicallymodified derivative, in which six lysine residues were modified with citraconic anhydride. Subsequent to the treatment, the ε-amino groups of lysine residues have been modified (Fig. 1) . These residues were employed as reporter groups for the events in their parts of the structure. We used ϕ-value analysis to the process of protein unfolding than refolding, this is because, the rate constant for the unfolding of lysozyme is monophasic exponential process, moreover, in the protein unfolding process the initial structure is that of the folded protein as a reference state, which is the best characterized structure. In addition, multiple sequence alignment was carried out for determining the degree of conservation of these lysine residues in the lysozyme molecule of vertebrates. Finally, the sequence alignment results in parallel with the exact structural examination directed the experimental data towards our conclusion.
Material and methods

Material
Citraconic anhydride and HEWL was purchased from Sigma (St. Louis, MO, USA). The enzyme was homogenous on SDS-PAGE. GdmCl were from Merck (Darmstadt, Germany). The solutions were prepared in double distilled water.
Modification of lysine residues
Modification was carried out using citraconic anhydride as a specific blocking agent for lysine residues and following the procedure described by Dixon & Perham (1968) . The protein was used at 5 mg/mL concentration in 10 mL of 100 mM borate pH 8 and the process was followed at room temperature by stepwise addition of 3 µL aliquots of the modifier, while maintaining the pH of the stirred solution at 8.0 by the addition of 2 M NaOH. The reaction was complete upon addition of 25 µL of citraconic anhydride in a total time of 30 min, at which point the pH of the solution remained stable. The reaction mixture was then dialyzed extensively against 100 mM phosphate, pH 7.0. Isoelectric focusing runs were carried out according to O'Farrell (1975) .
Stopped-flow kinetic measurements
Stopped-flow fluorescence measurements were carried out with a BioLogic µ-SFM-20 using a 0.8 cm cuvette (FC-08) and the data was collected and analyzed with the Biokin analysis software.
Unfolding was initiated by rapidly diluting 1 volume of folded protein, 2 mg/mL in 20 mM sodium phosphate, pH 7.0, into 10 volume of concentrated GdmCl. The final concentration of GdmCl solutions ranged between 1 and 7 M and that for protein 0.2 mg/mL. Unfolding was followed by monitoring the changes in the intrinsic fluorescence of lysozyme (excitation at 290nm wavelength; emission wavelength was 320 nm). All experiments were performed at 25
• C and pH 7.
Circular dichroism measurements CD spectra were recorded on a JASCO J-715 spectropolarimeter (Japan) using solutions with protein concentrations varying from 0.2 (far-UV) to 2 mg/mL (near-UV). The results were expressed as molar ellipticity, [θ] (deg cm 2 dmol −1 ), based on a mean amino acid residue weight (MRW) assuming the average weight for lysozyme to be equal to 111. The molar ellipticity was determined as [θ]=(θ × 100MRW)/(cl), where c is the protein concentration in mg/mL, l is the light path length in centimeters, and θ is the measured ellipticity in degrees at wavelength λ. The instrument was calibrated with (+)-10-camphorsulfonic acid, assuming [θ]291 = 7820 deg cm 2 dmol −1 (Schippers & Deckers 1981) and with JASCO standard non-hydroscopic ammonium (+)-10-camphorsulfonate, assuming [θ]290.5 = 7910 deg cm 2 dmol −1 (Takakuwa et al. 1985) . Noise in the data was smoothed using the JASCO J-715 software, including the fast Fourier-transform noise reduction routine which allows the enhancement of most noisy spectra without distorting their peak shapes (Protasevich et al. 1997 ).
Intrinsic fluorescence measurements
The fluorescence emission spectra of the enzyme were performed on a Perkin-Elmer Luminescence Spectrometer LS50B. The spectra were measured in 20 mM phosphate buffer pH 7, and the final concentration of lysozyme was 10 µM. The fluorescence emission was scanned between 290 and 440 nm with an excitation wavelength of 280 nm. The slits for excitation and emission were set to 2.5 and 10 nm, respectively.
GdmCl-induced equilibrium unfolding transition
Equilibrium unfolding as a function of [GdmCl] was monitored by fluorescence spectroscopy. Intact and modified protein in native state was incubated in 20mM sodium phosphate and various concentrations of GdmCl (final pH 7) at 25
• C. Samples were allowed to equilibrate for 4 h. The tryptophan fluorescence was measured for each sample with an excitation at 280 nm and an emission at 340 nm. The protein concentration after unfolding transition was 10 µM. Experimental data was fitted to a two-state unfolding model, assuming a linear relationship between free energy of unfolding and the concentration of GdmCl. The equilibrium constant for unfolding (KU) in the presence of GdmCl was calculated from equation 1:
where F obs is the observed fluorescence and FU and FF are the values of the fluorescence of the unfolded and folded forms of protein, respectively.
Multiple sequence alignment of lysozymes
Proteins similar to HEWL in vertebrates were identified by using BLAST (Altschul et al. 1990 ). The multiple sequence alignment was performed using the program CLUSTAL W (Thompson et al. 1994) .
Results and discussion
Analysis of fluorescence and CD spectra Figure 2 shows that modification brought about small changes in the protein both in folded and unfolded state. The maximum fluorescence intensity of intact and modified protein is significantly shifted to the higher wavelengths upon unfolding, indicating that tryptophan residues are exposed to solvent. In addition, the fluorescence intensity is strongly increased upon unfolding, indicating that in the folded state, tryptophan residues are interacting with side-chains which efficiently quench their fluorescence. It was shown (Imoto Upon denaturation, all of the tryptophan residues become equivalent and the interaction of Trp108 and Trp62 is eliminated, so that the fraction of absorbed energy that finally reaches Trp62 decreases and consequently the fluorescence quenching decreases. Far UV-CD spectra (Fig. 3a) showed that secondary structure content of protein decreased upon modification and near UV-CD (Fig. 3b ) spectra indicated that at least the microenvironment around the tyrosine residues are changed upon modification.
Analysis of unfolding kinetics and equilibrium unfolding transition
A typical unfolding fluorescence trace is shown in Figure 4. These curves were analyzed by a nonlinear regression procedure using the Biokine analysis software and fitted to an equation describing a single exponential decay with linear drift and offset according to equation 2:
where F (t) is the fluorescence at time t, A o , the amplitude, k u , the rate constant, m, the slope of the drift and c, an offset. The drift, when present, is very small and results from baseline instability. It was found (Tanford 1968 ) that the logarithm of the rate constants for unfolding, k u , against the concen- tration of denaturant is close to linear for many proteins according to equation 3:
is the value extrapolated to the absence of denaturant and m ku is a constant of proportionality.
Actually, protein molecules are denatured by urea or GdmCl, since all of their parts are more soluble in the denaturant and their free energy of denaturation is nearly linear with [denaturant] . On the other hand, the value of m ku indicating this proportionality, provides a good approximation of the degree of exposure of groups to solution in unfolding pathway (Tanford 1970) .
Plots of the logarithm of the rate constants for unfolding against the concentrations of GdmCl (Fig. 5) were fitted to first order equation, conforming to equation 3. According to equation 3, the value of m ku was 0.18 and 0.27 for intact and modified protein, respectively. The slope, m ku of the modified protein is slightly different from that of intact protein which means that both the nature of the transition state and the folded state are altered by chemical modification and there are slight changes in the conformation of protein following modification. Intrinsic fluorescence and near UV-CD spectra (Figs 2,3) show the tendency of the modified protein to expose its group to solvent relative to were 0.001 and 0.003 s −1 for intact and modified protein, respectively, indicating that modified protein is denatured with higher rate than the intact protein.
The effect of modification on the energy of the transition state of unfolding can be calculated using transition state theory (Eyring 1935; Evans & Polanyi 1935) . Rate constant of unfolding can be converted to free energy of the transition state according to equation 4:
where K B is the Boltzman constant, T , temperature, h, Planck constant, R, universal gas constant and ∆G ‡ is the free energy of transition state. Therefore, the stability of the transition state of the modified protein relative to that of intact protein is calculated by equation 5:
where ∆∆G ‡−F is the difference in energy of the transition state of unfolding relative to the folded state between intact and modified protein in kcal/mol, k u−Int and k u−M are the rate constants of unfolding of intact and modified protein, respectively. The calculation give ∆∆G ‡−F equal to 0.82 kcal/mol. Figure 6 shows the GdmCl-induced unfolding of intact and modified protein. The equilibrium constant for unfolding (K U ) in the presence of GdmCl is calculated according to equation 1. The calculation at 4 M gives values of 1.22 and 5.30 for intact and modified proteins, respectively.
Equilibrium constant can be converted to free energy of unfolding according to equation 6:
To analyze the structure of the transition state of unfolding, ϕ-value is introduced as follows:
262 K. Khalifeh et al. where ∆∆G U −F is the difference in free energy of unfolding between intact and modified protein in kcal/mol. ϕ-Value is a parameter which demonstrates the structure of the transition state of unfolding pathway of proteins. ϕ-Value is just related to the ratio of the binding energy in one state relative to that in a reference state . Here it obtained using intact HEWL and its modified form. Generally, the values of ϕ can fall into categories of ϕ = 0, 1 and intermediate values (Serrano et al. 1992a,b,c) : ϕ = 1 refers to the situation in which the interactions of the regions of protein containing modified residues are broken in transition state and as in the unfolded state, whereas ϕ = 0 means that these interaction energies are maintained in the transition state and is as completely folded in the transition state as in the folded state. Fractional values of ϕ are difficult to interpret.
We assume that unfolding and refolding are linked by the principle of microscopic reversibility. Applied to this context, the principle of microscopic reversibility requires that the transition states and intermediates for unfolding and refolding should be identical under the same conditions at equilibrium Serrano et al. 1992a,b,c) .
The value of ϕ (ϕ ≈ 1) indicates that lysine side chains interactions are subject to breaking in the structure of the transition state of unfolding pathway of HEWL. Figure 7 shows a multiple sequence alignment of lysozymes in the vertebrates. As can be seen from this alignment, the maximum numbers of amino acids in these protein molecules are 130. HEWL has 129 amino acid residues, because of the absence of one residue in the position 50 relative to that of the sequence align- ment. Hence, the amino acids numbers 96, 97 and 116 in HEWL are equal to 97, 98 and 117 in the sequence alignment (Fig. 7) . Examination of lysine residues in the crystal state of HEWL shows that ε-amino group of lysine 1, 13, 33, 96, and 116 are involved in hydrogen bonding with Glu7, Lue129, Asp37, His15, and Asp106, respectively and that for α-amino group of Lys1 with Thr40. It appears that there is no residue contact with Lys97. Lys116 can also make an H-bond with Asn113 of the other symmetrically related molecule (Suckau et al. 1992; Salmine 2004) . As shown in Table 1 , highly con-served lysine residues in positions 13, 33 and 96 have a common feature in that they are located in the secondary structures of α-helices; however, Lys1 is not involved in secondary structure. Lys116 which is one of the constituents of type II turn can make interand intra-chain H-bond; it also has minimum conservation, so it seems that the intra-chain hydrogen bonding of Lys116 has little effect in maintaining the threedimensional structure of protein. This is the case for Lys97 in which there is no residue in contact with it.
Analysis of bioinformatics results
In conclusion, overall consistency of ϕ-value (ϕ ≈ 1) and high degree of conservation of lysines 13, 33 and 96 as well as the above mentioned reasons indicate that the presence of the α-helix is critical for the formation of transition state in the unfolding pathway of lysozyme. Moreover, based on the principle of microscopic reversibility and according to the suggestion on the formation of a folding nucleus in the refolding pathway of small proteins (Fersht 1997; Pane et al. 1998 ) it can be concluded that α-helix has important role in the kinetics of refolding as unfolding. This is in agreement with previous conclusions about the folding pathway of lysozyme which was obtained using other techniques (Kuwajima et al. 1985; Caffotte et al. 1992; Radford et al. 1992; Chen et al. 1998; Segel et al. 1999) .
